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IllCOMBUSTIONZONE

ON COMBUSTIONPERFORMANCEOFA 16-INCHRAM-JETENGINE

By A. J.Cervenka,D.W. Bahr,andE. E. Dangle

Theeffectof thefuel-airratioconcentrateioninthewakeof a
simple-baffleflameholderin a 16-inchr--jetenginewasdetermined.
Thefuel-airratioconcentrationwasfoundtobe considerablyhigher
underburningconditionsthanthatmeasuredundernonburningconditions.
Temperatureandfuel-airratiosurveysinthecombustionzoneof the

y ram-jetengineindicatedtheneedforcontrollingfuel-airmixingin

~ thiszone.

A sloping-bafflecmbustorconfigurationwasinvestigatedinwhich
thedistributionof fuel-airmixtureinthecombustionzonewasmechan-
icallycontrolled.Thisdesigngavecoribustionefficienciesof 90per-
centor greaterovera rangeof fuel-airratiosfromQ.O1Oto 0.045at
thefollowinginletconditions:. pressure,about1 atmosphere;tempera-
ture 600°Fj velocities,210to 260feetpersecond.

.
INIROIUCTION

Thisexperimentalinvestigationispartofa ram-jet-conikstor
designprogrambeingconductedattheMICALewislaboratory.Theobject-
ive ofthisprogramis theattainmentof co?ibustordesignsanddesign
criteriawhichwillpermitefficientandstablersm-jetcombustionover
widerangesoffuel-airratiosandco?ibustor-tiletconditions. :--

Ina previousprojectreportedinreference1} itwasfoundthat
pressurepulsationsdueto conibustionincreasedthefuelspreadingh
theprereactionzoneof a combustor,resultingin a morerapiddilution
offuel-airmixturesthanthatforthenonburningcase.By mechanically
controlltigthefuel-airspreading,cotiustionperformancewasimproved.

Theeffectof conibustiononfuel-airm=ng inthecmibustionzone
hasbeeninvestigatedinthisprojectinwhichthetwo-foldobjective

● is: %

(1)To investigatefuel-airratiodistributioninthewakeof a. simple-baffleflameholderasa pmsiblesourceof inefficiency
presentwithtblstypeof couibustorat leanfuel-airratios
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(2)To investigatetheperformanceof
designedto controlfuel-airmixing

NACARM E53B19

a combustorconfiguration
inthecombustionzone

Theresearchwasconductedwitha 16-inch-dismeterram-jetcombus-
torat inletconditionscorrespondingto a flightMachnumberof 2.9,
an altitudeof 67,000feet,snda diffuserpressurerecoveryof 70per-
cent. Combustionefficienciesweredeterminedattheseinletconditions
overa rangeoffuel-airratios.Thefuel-airratiosurveysinthe
combustionzoneweremadeunderburningandnonburningconditionswith
radiallymovablesamplingprobeslocatedat variousstationsalongthe
co?dmstoraxis.Fuel-airratiosweredeterminedwithanNACAmLxhme
analyzer.Temperaturesurveysweremadeatthesamestationsas the
fuel-airsurveys. —

Sincethesetestsareintendedto indicatetrendsinperformance
withconibustordesignsthatwillbe investigatedfurtheratmoresevere
operatingconditions,theresultsshouldbetreatedaspreMminarydata.
Similarly,sincesamplingtechniquesthatgiverepresentativessmples
intheccmibustionzonehavenotbeenfullydeveloped,thesedataare
intendedto indicatetrendsinfuel-airratiodistributionandnotabso-

4
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lutevalues.

AYPARATUSm

Theengineandtestinstallation
sameasthoseusedinreference2. A
figure1 andofthetestinstallation

—
r

PROCEIURE

forthisinvestigationwerethe .
sketchof theengineis shownin
infigure2. A sketchwhichgives

thelocationof samplingstationsintheflame-holderregionisshown u
infigure3.

.=

Flameholders.- Thetwoflsme-holderconfigurationsusedareshown
infigures4 and5. Thesimple-baffleflsmeholdershowninfigure4
consistedof sixradialV-gutterswitha totalover-allblockedareaof
37percent.TheopenendsoftheV-guttersmeasuredl;

—
inchesacross.

Thesloping-baffleflameholdershowninfigure5 consistedoftwo
setsofU-shapedbsfflesseparatedby a conicalsection.Thesixbaffles
intheprimaryzoneandthe12bafflesinthesecondaryzonewere
inclinedat a 33°angleto thecombustoraxis.Theflame-holderopen_
areaprojectedona surfaceparalleltothebsffleswas100percentof

—

theconibustion-chamberfrontalarea. —

Controlsleeve.- Thefuel-mixingcontrolsleeveusedwiththe
‘ sloping-baffleconfigurationwas10inchesin dismeterandextended f.-
fromthefuelinjectorsto theflameholder.Thesleeveintercepted

—

approximately20percentofthetotalengine-airmassflowandducted
thisairintotheprimarycouibustionzone.

a-

I
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c
Fuel-inJectorsystems.

located17*inchesupstresm

3

- Fuelwasinjectedthroughsixnozzles
oftheradialV-gutterflsmeholders.The

nozzleswereratedat0.5gallonperminuteat a pressuretiferential
of 100poundspersqusreinchandwerelocatedin linewiththeflame
holders.

Inthesloping-baffleflame-holderinstallation,fuelwasinjected
throughsixhollow-conenozzlesratedat0.5gallonperminuteintothe
innerfuelzoneand through16nozzlesintotheouterzone. Thesix
nozzleswerelocatedin linewiththeprimary-zonebaffles.The
16nozzleswereeachratedat0.36gallonperminuteata pressure
differentialof 100poundspersquareinch. Thefuelinjectorswere
locatedapproximately17 inchesupstre~oftheflsmeholder.

Fuel.- ThepropertiesofMIL-F-5624AgradeJT-4fuelusedasboth
prim—-ad pilotfuelaregivenintableI.

INSTHMENMTIOl?ANDMETHODS

Operatingconditions.- Theram-jetccmibustorwasoperatedoverthe
followinginletconditions:

~ Inlet-airstaticpressure,in.Hg abs. . . . . . . . . . . . 32to 36
Inlet-airtemperature,OF . . . . . . . . . . . . . . . . . . 600.
Inlet-airvelocities,ft/sec . . . . . . . . . . . . . . . . 210to 260

Thesevaluescorrespondtothecodmstor-inletconditionsin a rsm-Jet.
enginefl@ng ata Machnuniberof 2.9atan approximatealtitudeof
67,000feet,witha diffuserpressurerecoveryof70percent.

Combustionefficiency.- Conibustion-efficiencydatawerelimitedto
a fuel-airratiorangefrom0.010to 0.045.Thisrangeof operating
conditionswasimposedby calorimeterLimitationsratherthancombustion
limitations.Combustiontemperaturesweredeterminedlya heat-balance
system.At a givenengineoperatingcondition,thequench-waterflow
wasadjustedto a valueinsuringcompletevaporizationof thewater.
Thewatermassflowwasvariedsothatoutlettemperaturesof 600°to
900°F weremaintainedatthethermocouplestation.Thetotalenthalpy
changeof thefuel,air,quenchwater,andenginecoolingwaterwas
dividedby theheatingvalueofthefuelto obtainconibustionefficiency.

At fuel-airratiosleanerthsn0.014,combustionefficiencieswere
determinedlycomparingthetemperatureriseacrossthectiustoras

& determinedby temperaturesurveyswiththetheoreticaltemperaturerise.

.
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Fuel-airsampling.- Fuel-airssmplesweretakenunderWrningmd
E

nonburningconditionsat a station5 inchesupstresmofandin linewith
theflameholder,atthreestationsinthew~e ofthesimPle-b~fle
flameholder,andata stationcircumferentiallymidwaybetweentwo

Y

baffles.Thesesurveysweremadefromthecombustorwallradiallytoward
thecenterofthecombustor,a distmceof approximately5 inches.The
over-allfuel-airratiowasheldata constantvalueof 0.017during
thesetests.

Threetypesof samplingprobewereemployedinthefuel-airMstri-
butionstudies.Fuel-airsamplesupstreamof theflsmeholderwere
obtainedwitha l/8-inch-tiameterprobedirectedintotheairstream.
A l/4-inchopen-endtubewasusedtoobtainsamplesinsideofthe
V-gutterbaffle.Probeslocatedinthewakeofthebaffleand%etween
bsfflesconsistedof l/4-inchclosed-endtubeswithsamplingorificeson
thesidesofthetubesdirectedupstream.Thesampleswereanalyzedby
meansof anNACAfuel-airratiomixtureanalyzer.

Temperaturesurveys.- Exhaust-gastemperaturesweremeasuredat
thethreestationsimmediatelydownstreamofthesimple-baffleflame
holderandatfourstationslocated30,51,60,and75 inchesdownstream
ofandinlinewitha baffle.Temperaturesweremeasuredatthecom-
bustorexitwiththesloping-baffleconfiguration.

—
*=

Temperaturesurveysweremadewithradiallymovable,unshielded,
chromel-alumelthermocouples.

—
*4

Pressurepulsations.- Combustion-chamberpressurepulsationswere
determinedwitha diaphragmpiclmpconnectedto a strainanalyzerand
ink-recordingoscillograph.

t

RESULTSANDDISCUSSION

DistributionData

Threefuel-airdistributions,5 inchesupstreamof a flsmeholder,
arepresentedin figure6. Thefueldistributionwithpreheatedfuel
wasmoreuniformthanwithnonpreheatedfuelbecauseofthehigherfuel
pressureswithpreheatedfuel. Theseresultsalsoshowthatthefuel
distributionin theprecombustionzonewasthessmeunderbothburning

—

andnonburningconditions.Previousstudies,madewitha 16-pointfuel .
injectorinthisengineandreportedinreference1, showedthatburntig

—

markedlyalteredtheprecombustionfueldistribution.Thiseffectwas
.—

attributedto theincreasedpressurepulsationswhichresultedfromthe
—.—

burningprocess,asnotedbycomparingfigures7(a)and7(b).Withthe a
six-pointfuel-injectorconfigurationusedinthepresentinvestigation,

—

however,burningwasfoundto occurwithno appreciablepressurepulsa-
tion,as showninfigure7(c). .—

-r—
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Theresultsof fuel-airratiosurveystakenradiallyatthreesta-
tionsinthewskeof a flame-holderbafflearepresentedin figure8.
Theseprofilesweredeterminedwithnonpreheated andpreheatedfuelad
underburningandnonburningconditions..AS shownby ccmpartigfig-
ures6 and8,theflsmeholdertendedto distributefuelradiallybehind
it. Also,figure8 showsthatfuel-airratiosobtainedbehindtheflame
holderunderburningconditionswereconsiderablyhigherthanthose
obtslnedundernonb~ conditions,althoughno suchdifferenceswere
foundintheprecomlmstion zone.

Thefollowing~lanationsaregivenforthedifferenceinfuel-air
concentrationsunderburningsndnonburningconditions:

(1)Liquidfueldropletswhichimpingeona heatedbaffleevaporate
andproducelocallyrichmixturesinthewakeofthebaffleas shownin
reference3. An indicationthatthiseffectIs of someimportsmceis
seenby comparingthefuel-airdistributionsdownstreamof theflame
holderwithnonpreheatedandpreheatedfuelunderburningandnon-
burningconditions.

(2)Thesizeof ewes downstreamofbluffbodieswasfound,in
reference4,tobe smallerunderburningthannonburningconditions.
Thestrongereddyactionundernonbu.rningconditionsmaytendto dilute
thefuel-airmixlmredownstreamof a baffle.

(3)Thereisa shiftintheairflowapproachinga flamefrontas
showninreference4. Thisshiftin airflowmayproducea locallyrich
fuel-airconcentrationsincefueldropletswouldnotbe divertedbecause
oftheirgreatermomentum.

(4)A nonrepresentativefuel-airsamplemaybe obtainedintheeddy
regiondownstreamof a bafflebecauseoftheflowoffuel-airmixture
parallelto theplaneof theprobeentrance.5is effectwasbe~eved
tobe slightsincefuel-airsamplesobtainedwithsamplingorifices
directedeitheraxiallyupstresmorradiallyshowedthessmedifferences
indistributionunderburningandno~g contitions.

In orderto determinetheeffectofburningon thecircumferential
fuel-airratiodistribution,radialsurveysweretakentidwaybetween
twoflaneholders.Theseresultsareshownin figure9. Theprofiles
withlmrningareagainhigherthsnthosewithwtburning,althoughall
fourofthedistributionsarebelowthemeasuredover-allfuel-airratio
of0.017.

Thesmallclifferencesinthedistributionsatthisstationprobably
resultfromtheeffectofburningon eddysize.Moreairflowparallel
totheplaneofthessmplingorificewouldbe expectedat thisstation
inthenonburningcasethanwithburning.
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Tworadialtemperaturesurveys,takeninthewakeof a flsmeholder,
areshownin figure10(a).Temperatureprofilesatfourdistancesdown-
streamoftheflameholderandin line withitarepresentedinfig-
ure10(%).Thehightemperaturesfoundattheflameholdersubstantiate
thehighfuel-airratiosthatweredeterminedunderlurn.ingconditions
inthisregion.Thesurveysdownstreamoftheflameholderindicate
that,withthisflaheholderandfuel-injectorconfiguration,a large
partoftheburningoccurredinanannularareaneartheouterwallof
thecombustionchanber.

In summary,then,thefuel-airratiosurveysupstreamofandbehind
theradialbafflesdemonstratedthat,bo”thwithoutandwithcombustion,
fuelarrivingatthebafflewasdistributedradiallyby thebaffle.
Also,thefuel-airratiosurveysbehindtheradialbaffledemonstrated
that,withcombustion,fueltendedto concentratebehindthebaffleand
continuedtobe distributedradiallyby thebaffle.Thetemperature
surveysdownstresnoftheradialbafflessupporttheobservationsmade
withfuel-airratiosurveys.Becausethefuel-airratiosinthevery
importantflame-stabilizingandflame-propagatingzoneimmediatelydown-
streamof a flameholderap~eartobe stronglyaffectedby thecombustion
process,theimplicationis strongthatthedistributionofthecom-
bustiblemixtureinthezoneimmediatelydownstreamofflameholders
shouldbe mechanicallycontrolled,ifa preferredmixturecompositionis
tobe maintainedinthatzone.

.

IN
03
G.

—

—

.
Sloping-BaffleFlameHolder

Thesloping-baffleflameholderwasdesignedtoprovidecontrolof
fuel-airmixingandalsotoprovidecontrolofmixingofunburnedwith
burnedproductsdownstreamofthepointof initiationof Cotiustion.
Conibustionisinitiatedinthewakeoftheupstreamsetofbafflesand
substantiallycompletedintheshieldedregiondownstreamofthese
baffles.At leanfuel-airratios,combustionoccursonlyintheprimary
zoneanddilutionwithsecondaryairtakesplacedownstreamofthe
shieldedregion.A smooth,continuous,flame~athfromtheprimaryto
thesecondaryburningzoneisprovidedforrichfuel-airratiooperation.
Theuseof a slopingbaffleandconicalshieldedzoneprovidesan expand-
ingvolumefortheprimarycotiustionregion,therebymaintaininga
lowflowvelocitywhichpermitscombustiontobe completedina rela-
tivelyshortlength.

Thecombustionperformanceofthisconfigurationis showninfig-
ure11. A combustion-efficiencylevelof90percentor greaterwas
obtainedovera rangeoffuel-airratiosfrom0.010to 0.045witha
dualfuel-i~ectionsystem.Thedatalimitsoftheleanandrichfuel-
airratiosinthisfigurewereimposedby thetestfacilityandarenot
conibustoroperatinglimits. —

—

—

.

.T

.

1
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k
A comparisonoftheco?ibustionperformanceof

configurationwiththeperformanceofthreeradial
. reportedin reference2 ismadeinfigure12. The

7

thesloping-baffle
baffleconfigurations
six-pointfuelinjec-

torwasusedinalltheradialbaffleconfigurationssumxarizedin
thisfigure.Theperformancedfa radialbsffleconfigurationwith
optinmmradialinjectorlocationbutwithuncontrolledfuel-airmixing
intheprereactionzonewasimprovedby theuseof controlsleevesin
thismixingzone. A furtherimprovementinperformanceat leanfuel-air

3 ratioswasachievedwiththesloping-baffledesign.Thisimprovement
&’ isbelievedtobe primarilydueto thefuel-airmixtigcontrolinthe

mnibustionzoneinadditiontoprereactionzonecontrolemployedin
thisdesign.Thismixingcontrolprincipleis similarlyemployedin
can-typecombustors,whichwillbe investigatedina continuationof
thepresentstudy.However,thedesirablef=turesofthesimple-
baffleflameholderhavebeenretainedinthesloping-baffleconfigura-
tion.

An indicationof theeffectivenessofthecombustion-zonemixing
controlobtainedwiththesloping-baffledesignis shownin figure13.
Thetemperatureprofileattheconibustor-exitstationsshowsthat,at
l&n over-allfuel-airratios,a locallyrichfuel-airmixturewas
concentratedinthecenteroftheduct.Withtheradialbaffledesign,
combustiontookplaceovera largercross-seetionalarea,aswasshown
infigure10(%)by thehighgastemperaturesnearthecombustorwall
andthelowertemperaturesinthecore.

.

SUMMARYOFRESULTS
.

1.Thefuel-airratioconcentrationinthewakeof a simple-baffle
flameholderwasfoundtohe considerablyhigherunderburningcondi-
tionsthanthatmeasuredundernonburningconditions.

2.A sloping-bafflecombustordesigninwhichfuel-airmixingin
thecotiustionzonewascontrolledgavecombustionefficienciesof
90percentor greaterovera rangeoffuel-airratiosfrom0.010
to 0.045.

LewisFlightPropulsionLaboratory
NationalAdvisoryComnitteeforAeronautics

Cleveland,Ohio
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TABLEI. - SPECIFICATIONSANDANALYSISOFMIL-F-5624A
GRADEJP-4ENGINXK1’EL

Specifications Analysis

A.S.T.M.distillation -
D 86-46(%F)
Initialboilingpoint 140
Percentageevaporated

5 199
10 250(max) 224
20 250
30 270
40 290
50 34)5
60 325
70 352
80 384
90 427

Finalboilingpoint

I

550 max) 487
Residue(percent) 1.5 H) 1.2
Loss(percent) 1.5 max) o

Aromatics(percentby
volume)A.S.T.M.
D875-46T 25 (max)

SpecificgravityOA.P.I. 40 (rein),58 (max) 0.765
Reidvaporpressure
(lb/sqin.) 2.0(*), 3.0(Max) 2.7

Hydrogen-carbonratio 0.169
Netheatof combustion
(Btu/lb) 18,400(rein) 18,700

a

.
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Figure6,“-Fuel-airratiodistributionsupstreamofflame
holderforMILF-5624AgradeJP-4fuel. Over-allfuel-air
ratio,0.017;inlet-airtemperature,600°F; velocity,230to
260feetpersecond;pressure,31 to 35 inchesofmercury
absolute.
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(a)Simple-baffleflameholder;noburning(ref.1).

(c)S3mple-baffleflameholder,six-pointfuelinjector;

Figure7’.-

burning.

Chmbustor-inletpressurepulsations.
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Figure8. - Fuel-air ratiodistributionsdownstreamofflameholderfor
MSLF-5624AgradeJP-4 fuel. Over-allfuel-airratio,0.017;inlet-air
temperature,600°F;velocity,230to260feetpersecofi;pressure,
31to35inchesofmercuryabsolute.
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inlet-air temperature, 600°F;velocity,230to 260feetpersecond;
pressure,31to35 inchesofmercuryabsolute.
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preheated~-F-562=&i~adeJP-4fuel.Over-allfuel-airratto,0.017;
inlet-airtemperature,800°F;velocity,230to260feetpersecond;
pressure,31 to 35 inchesofmercuryabsolute.
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temperature,600°F; velocity,230to 260feetpersecond;
pressure,31to 35 inchesofmercuryabsolute.
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Figure12.- Summaryofcmibustionperformanceswith
MIL-F-5624AgradeJP-4fuel. Inlet-airtemperature,
600°F; velocity,230to260feetperseoond.;pres-
sure,31to 35 inohesofmercuryabsolute.
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